The coupled transport of heat and electrical current, or thermoelectric phenomena, can strongly influence the temperature distribution and figures of merit for phase-change memory (PCM). This paper simulates PCM devices with careful attention to thermoelectric transport and the resulting impact on programming current during the reset operation. The electrothermal simulations consider Thomson heating within the phase-change material and Peltier heating at the electrode interface. Using representative values for the Thomson and Seebeck coefficients extracted from our past measurements of these properties, we predict a cell temperature increase of 44% and a decrease in the programming current of 16%. Scaling arguments indicate that the impact of thermoelectric phenomena becomes greater with smaller dimensions due to enhanced thermal confinement. This work estimates the scaling of this reduction in programming current as electrode contact areas are reduced down to 10 nm × 10 nm. Precise understanding of thermoelectric phenomena and their impact on device performance is a critical part of PCM design strategies.
Introduction
The temperature fields in semiconductor nanostructures, as well as their performance and reliability metrics, can be strongly influenced by thermoelectric phenomena [1] [2] [3] [4] [5] [6] . The impact can be particularly large in phase-change memory (PCM) devices, which experience temperature excursions exceeding 600 • C [7] and current densities up to 10 8 A cm −2 with a carbon nanotube electrode demonstrated by Pop et al [8] . These extreme electrical and thermal conditions both increase the relevance of thermoelectric transport and provide an ideal opportunity for studying their impact. In a recent paper, we developed the first measurements of the Seebeck and Thomson coefficients of phase-change material films down to 25 nm using a microfabricated silicon-on-insulator device [9] . The present paper uses representative data from this past study to determine the impact of thermoelectric phenomena in PCM devices and quantify their impact on the programming current using electrothermal simulations.
Recent measurements provide evidence for thermoelectric effects in PCM devices. Castro et al demonstrated a shift of the amorphous region in lateral PCM cells by switching the bias polarity [1] . The Thomson effect yields heat absorption or release in a medium carrying an electrical current while sustaining a temperature gradient. The position of the amorphous region changes with the bias polarity in PCM cells because Thomson heating alters the temperature distribution during the reset operation. The bias-polarity-dependent behavior was also shown by Suh et al in vertical PCM cells while testing different electrode materials [2] . Their cell performance varies for the electrode material with different Seebeck coefficient due to another thermoelectric effect, known as the Peltier effect. The Peltier effect yields heat absorption or release near a material interface which passes an electrical current. PCM cells with electrode and phase-change materials that have a large difference in the Seebeck coefficient can generate strong Peltier heating and reduce the programming current. Figure 1 . Schematic of the model geometry and material properties used in the simulations. The model represents a quarter-cut cell of a mushroom-type PCM. The Seebeck coefficient (S) and the Thomson coefficient (µ T ) of GST are varied to demonstrate their impact on the reset simulations. The thickness of the GST layer is also varied, from 500 to 50 nm, and the contact area of the TiN electrode is varied from 300 nm × 300 nm to 10 nm × 10 nm to study the impact of device scaling.
Here we simulate PCM devices with careful attention to both Peltier and Thomson heating and the resulting impact on the programming current during the reset operation. Among the many designs of PCM, this paper focuses on a mushroom-type vertical PCM structure (figure 1). Thermoelectric phenomena are not evident in most lateral structures because the Peltier effect is negligible in large electrode contacts and the Thomson effect shows no bias polarity dependence with symmetric geometries. Vertical cells are more relevant for the PCM industry because of the higher density storage and greater susceptibility to thermoelectric heating due to asymmetric geometries. The simulations include geometric variations of electrode contact area from 300 nm × 300 nm to 10 nm × 10 nm and phase-change layer thickness from 500 to 50 nm, and we explain the geometric effects associated with thermoelectric heating through qualitative scaling arguments. This paper provides a comprehensive description of thermoelectric phenomena, including the Thomson and the Peltier effects in PCM devices, and estimates their relative influence on the temperature distribution and programming current during the reset operation.
Electrothermal modeling of phase-change memory

Simulation details
There have been a number of simulations developed for PCM cells, including the one-dimensional (1D) conduction model [10] , 2D cylindrical model [11] , and 3D cylindrical [12] and Cartesian [13] models, that can handle switching dynamics of phase-change material as well as its electrical and thermal characteristics. Most models calculate the temperature distribution of PCM cells by solving heat diffusion and Joule heating equations. This approach is only valid when the simulation length scales are much larger than the carrier mean free path and when the thermoelectric effects are negligible. Our simulations consider thermoelectric phenomena by solving the following version of the heat conduction equation,
in which C is the volumetric heat capacity, T is temperature, t is time, k is the thermal conductivity, ρ is the electrical resistivity, j is current density, and µ T is the Thomson coefficient. The equations (2) and (3) are coupled with the Laplace equation (∇(σ ∇φ) = 0, where σ is the electrical conductivity and φ is electrical potential). Equation equation (3) captures Thomson heating within a homogeneous material. Our model also simulates Peltier heating by applying the boundary condition
at the junction of two materials with the Seebeck coefficient difference S. At the interface, the charge carriers lose energy to the lattice by scattering over a few mean free paths, and the energy distribution can be precisely calculated by Monte Carlo simulations [14] . Peltier heating may spread over a distance due to local Seebeck coefficient variations or non-equilibrium carrier concentrations near the junction [15, 16] . The Peltier effect is simply modeled as a heat source or a heat sink at the junction. This simplification is valid for phase-change materials whose carrier mean free path is much smaller than the cell dimensions and for homogeneous materials with strong carrier recombination [17] . Figure 1 shows a mushroom-type PCM cell that consists of top and bottom W electrode contacts (TEC and BEC, respectively), a phase-change layer (GST), and an electrode plug (TiN) surrounded by electrical passivation (SiO 2 ). The TEC is biased with a 50 ns electrical pulse while the BEC is grounded; therefore, the current flows through TEC, GST, TiN, and BEC. During the reset operation, a fraction of crystalline GST reaching the melting temperature 600 • C takes the amorphous values. The model assumes the thermal time constant (<10 ns) is short enough to neglect recrystallization upon subsequent quenching. The electrical resistance of the cell is estimated by applying a small voltage across the electrodes and calculating the resulting current density. The programming current is recorded when the cell resistance increases to more than 100 times the original value since the reset-to-set resistance ratio larger than 100 allows reliable array operation of PCM devices [18] [19] [20] . This paper does not show simulations for the set operation since the thermoelectric effects have a greater impact on the reset transition of phase-change materials.
Material properties
The Seebeck coefficient (S) of Ge 2 Sb 2 Te 5 (GST) and related compounds is always positive because the charge carriers Figure 2 . Phase-and temperature-dependent Seebeck coefficient of 125 nm thick GST films as reported previously in [9] . This figure is reproduced here to help explain the selection of material properties for the current simulations. In the amorphous and cubic (fcc) phases, the Seebeck coefficient decreases with increasing temperature, and the Thomson coefficient is negative. In the hexagonal (hcp) phase, the Seebeck coefficient increases with increasing temperature, and the Thomson coefficient is positive.
in p-type semiconductors flow in the same direction as heat. The Thomson coefficient, however, changes sign in the crystalline phase depending on the temperature dependence. The reported Seebeck coefficient of GST alloys varies widely and is measured at room temperature to be as large as 1.5 mV K −1 in the amorphous phase [21] , 380 µV K −1 in the cubic phase [22] , and 40 µV K −1 in the hexagonal phase [23] . However, there are relatively few data for phase-change materials at the film thicknesses relevant for PCM devices.
Our recent work [9] measured the phase-and temperature-dependent Seebeck coefficient of GST films down to 25 nm thickness. The Seebeck coefficient data (figure 2) show a strong dependence on the phase and temperature. The Seebeck coefficients of amorphous and cubic GST films decrease with increasing temperature by carrier activation and crystallization effects. The Seebeck coefficient of hexagonal GST films increases with increasing temperature due to enhanced scattering with phonons. Because the temperature history and phase quality of crystalline GST films in actual devices are difficult to predict, we take representative values for the Seebeck coefficient and the Thomson coefficient in our simulations. The GST phase in the active region is assumed to be cubic due to the nature of rapid heating in set pulses. The Seebeck coefficient of cubic GST film, pre-annealed at 190 • C, decreases from 206 µV K −1 at room temperature to 153 µV K −1 at 190 • C. The temperature dependence (∼T −1 ) extrapolates such that the Seebeck coefficient reduces to ∼100 µV K −1 near the melting temperature. Simulating PCM devices with a constant Seebeck coefficient 100 µV K −1 underestimates Peltier heating and provides a lower bound for the programming current reduction. The Thomson coefficient of fcc GST film is estimated from the Seebeck coefficient data in [9] by the definition µ T = T∂S/∂T and takes an average value of approximately −100 µV K −1 .
Other simulation parameters for the GST film include the thermal boundary resistance (TBR) as well as its electrical and thermal conductivities in each phase (figure 1). Reifenberg et al [24] showed that the TBR of GST and TiN can dominate the device thermal resistance and is critical for PCM simulations. Our previous measurements provide detailed information about the thermal and electrical properties of GST as a function of material stoichiometry and grain orientation and size [25] [26] [27] . This work uses constant material properties since there are no data available at temperatures above 500 • C. The assumption results in overprediction of the total thermal resistance and underestimation of the programming current.
Comparison of the simulations to experimental data
To establish confidence in the simulations performed here, we simulated PCM test structures in the literature and compared the simulation results to the experimental data. Suh et al [2] had experimentally observed a bias polarity in their PCM cell, which required a programming current 2.3 mA in the forward bias and 3.2 mA in the reverse bias. Simulations for a mushroom-type cell with a 200 nm thick GST layer and a 250 nm diameter TiN electrode (designed after [2] ) show a bias polarity by taking into account for the thermoelectric transport. Using the Seebeck coefficient 100 µV K −1 in the GST, the simulated cell requires a programming current 2.3 mA in the forward bias and 2.7 mA in the reverse bias. The programming current polarity in the simulation 19% (2.3-2.7 mA) is lower than that in the literature data 39% (2.3-3.2 mA) [2] potentially due to a larger Seebeck coefficient in the real device or other effects contributing to the bias polarity such as electromigration [28] .
Suh et al [2] attempted to reduce the programming current by changing the electrode material to n-type Si, which has a negative Seebeck coefficient. Our simulation model captures the programming current reduction through enhanced Peltier heating as the Seebeck coefficient difference between GST and electrode materials becomes greater. While their analysis [2] limits attention to the Peltier effect, our simulation model attributes experimental behaviors to both the Peltier and the Thomson effects. The Thomson heating in the 250 nm diameter electrode cell contributes to 5% of the programming current reduction, and we expect greater impact in smaller cell geometries.
Thomson heating can thus play an important role in mushroom-type PCM cells where geometry and temperature distributions are asymmetric. The simulations are consistent with the literature data and provide physical insights into the role of thermoelectric effects. Further analysis of thermoelectric transport in PCM cells is presented in the following sections using our model geometry (figure 1).
Thermoelectric effects in PCM
Impact of thermoelectric properties
Thermoelectric transport can strongly influence the temperature distribution in PCM cells during the reset operation ( figure 3 ). Because the reset temperature governs the formation of the amorphous phase and the resulting cell resistance, the thermoelectric heating can effectively lower the programming current required for PCM cells. When current flows from top to bottom through GST and TiN, a positive Seebeck coefficient difference between the GST and the TiN generates Peltier heating that is favorable to reduce the programming current. Figure 4 shows the predicted programming current for a 200 nm thick GST device with a 50 nm × 50 nm TiN electrode structure using the Seebeck coefficient and the Thomson coefficient varying from −200 to 200 µV K −1 . The negative Seebeck coefficient is used here, assuming the Seebeck coefficient of electrode material is larger than that of GST. This is consistent with data for heavily doped semiconductors [29, 30] . The programming current decreases linearly with the increasing Seebeck coefficient because Peltier heating is a product of the Seebeck coefficient and the current equation (4) .
The programming current has a nonlinear relationship with the Thomson coefficient because Thomson heating depends on the temperature gradient, which also changes with the Thomson coefficient equation (3) . When the peak temperature of GST occurs in the vicinity of the TiN interface ( figure 3(a) ), the temperature gradient is positive in the direction of the current. This condition yields Thomson heating in the GST when the Thomson coefficient is negative. The Thomson heating shifts the peak temperature position away from the TiN interface and expands the amorphous phase volume ( figure 3(b) ). Figure 4 shows that the negative Thomson coefficient reduces the programming current to some extent. Further increase in the negative Thomson coefficient shifts the peak temperature closer to the TEC, which has a lower thermal resistance, and this requires more current to program the cell. Conversely, a positive Thomson coefficient can be favorable for PCM cells if the peak temperature occurs in the vicinity of the TEC. However, in most mushroom-type PCM cells, the peak temperature occurs near the electrode plug due to the confined geometry and the presence of thermal boundary resistance. The Seebeck coefficient and the Thomson coefficient are used as individual parameters here to show the scaling behavior of each thermoelectric effect. However, because the Thomson coefficient is governed by the temperature dependence of the Seebeck coefficient, it is important to keep in mind that these are not truly independent parameters. The programming current reduction by the combined thermoelectric effects reaches up to 15% for the Thomson coefficient −100 µV K −1 and the Seebeck coefficient 100 µV K −1 . Using phase-change materials with the larger Seebeck coefficient 200 µV K −1 and the larger Thomson coefficient −200 µV K −1 can reduce the programming current by 26%, which corresponds to a 45% reduction in the power consumption.
Electrode contact area scaling
PCM technology has demonstrated scalability to smaller dimensions and programming current reduction as a function of electrode contact area [31, 32] . Figure 5 shows the impact of thermoelectric effects during the reset operation with the contact area scaling. The Seebeck coefficient 100 µV K −1 and the Thomson coefficient −100 µV K −1 are taken from our measurement data (figure 2) assuming the GST is in the cubic phase. The maximum temperature increase ( figure 5(a) ), compared to a simulation with no thermoelectric effects, represents a ratio of Thomson and Peltier heating to Joule heating. We introduce here a dimensional scaling parameter λ, such that the contact area scales with a factor λ 2 and the current density scales by λ −2 . The Joule heating power scales to the square of the current density and by λ −4 . Since the second derivative of temperature scales with the Joule heating (d 2 T/dx 2 ∼ q Joule ∼ λ −4 ), the temperature gradient scales by λ −3 and the temperature scales by λ −2 . The Thomson heating (−µ T JdT/dx ∼ λ −5 ) and the Peltier heating ( SJT/λ ∼ λ −5 ) both scale faster than the Joule heating. The thermoelectric heating to Joule heating ratio then scales by λ −1 with the scaling factor and by λ −0.5 with the contact area. The temperature changes due to thermoelectric effects increase up to 40% as the contact area scales down to 15 nm × 15 nm. Further scaling generates significant Joule heating in the electrode instead of the phase-change material. With a shorter or more conductive electrode, the impact of thermoelectric heating can continue to increase with contact area scaling.
The changes in temperature do not lead directly to programming current changes. The programming current reductions require the effective position and shape of the amorphous phase volume. Although the maximum temperature change due to the Peltier effect increases with scaling ( figure 5(a) ), the programming current reduction due to the Peltier effect does not show appreciable changes ( figure 5(b) ). This is because the relative amount of GST region heated above the melting temperature does not change substantially with the contact area scaling.
The impact of Thomson effect on programming current varies widely with the contact area because the scaling changes the position of the amorphous phase volume. When the contact area is larger than 50 nm × 50 nm, the maximum temperature occurs near the middle of GST film, and the Thomson effect can potentially leave a significant amount of the crystalline GST near the electrode interface. For instance, in the 100 nm × 100 nm contact area cell, Thomson heating achieves a larger temperature rise compared to Peltier heating but produces a smaller cell resistance. When the contact area is smaller than 50 nm × 50 nm, the maximum temperature occurs near the electrode interface, and Thomson heating continues to reduce the programming current by creating the larger amorphous phase volume.
GST thickness scaling
The simulation results compare the electrode contact area scaling of the 200 nm thick GST device to that of the 50 nm thick GST device. The GST thickness scaling intensifies Thomson heating by creating a steeper temperature gradient and reduces the programming current. The thermoelectric transport increases the GST peak temperature up to 44% and decreases the programming current up to 16%, which corresponds to a 30% reduction in the power consumption. The impact of GST thickness scaling is more evident when the thermal healing length reaches the TEC interface, i.e., when the contact area is larger than 100 nm × 100 nm. However, the further thickness scaling may cause a significant temperature drop in the TEC instead of the GST, which can result in weaker Thomson heating.
The GST thickness scaling increases the impact of Peltier heating on device temperature by scaling down the Joule heating volume as long as the interface temperature remains constant. When the peak temperature position shifts away from the interface, i.e., when the contact area is larger than 100 nm × 100 nm, the GST thickness reduction decreases the interface temperature, which results in weaker Peltier heating. However, figure 5(b) shows no differences in the programming current change by the Peltier effect between the two GST thicknesses because Peltier heating does not change the shape of the amorphous phase. The simulations here assume that the material properties do not scale with the GST thickness, which is consistent with our experimental observation for GST film thickness of 50 nm and above [9] .
Discussion
Our simulation results show the programming current reductions are made possible by incorporating thermoelectric properties of PCM materials. The thermal boundary resistance (TBR) is another property that has drawn the attention of materials engineering [24] . When the Thomson effect is coupled with a large TBR, the temperature gradient within the GST becomes steeper, and consequently its impact on the programming current becomes greater. The large TBR, however, can reduce the Peltier heating by producing a low interfacial Seebeck coefficient [16] .
The TBR and the Peltier effect are both capable of improving the thermal efficiency at the interface, but in different ways. While the TBR increases the total thermal resistance by accounting for the acoustic mismatch, the Peltier effect generates additional heating by compensating for the Seebeck coefficient mismatch. The latter increases the volume of the amorphous phase without changing its shape. Depending on the geometry, improving Peltier heating can be more effective in reducing the programming current than increasing the TBR. For example, simulations for a 200 nm thick GST device with 50 nm × 50 nm TiN electrode structure show that the Seebeck coefficient of 50 µV K −1 achieves an equivalent programming current reduction with the TBR of 2 × 10 −7 m 2 K W −1 , which is a fairly large value for typical PCM materials.
For GST structures, contact electrode materials with negative Seebeck coefficient (e.g. n-type poly-Si or Si-Ge) can maximize the Seebeck coefficient difference and Peltier heating. The reported Seebeck coefficient of nanostructured Si-Ge alloy reaches up to −260 µV K −1 at 600 • C [33] . Control of grain structure and carrier energy filtering can further increase the Seebeck coefficient [34] . Our study suggests that carefully engineered electrode and phase-change materials can significantly improve the thermal efficiency of PCM devices through thermoelectric heating. The thermoelectric properties as well as thermal and electrical properties of PCM materials present a rich set of possibilities for optimizing the device performance. Appropriate measurements should reveal the electron-phonon transport physics and identify their contributions in the PCM materials.
The PCM community is on the move at improving the data retention by using phase-change materials (e.g. GeSb [35] , GeTe [36] , and GaSb [37] ) with high crystallization and melting temperatures. Equations (3) and (4) show that the thermoelectric heating favors large temperature. With the increased temperature budget, the impact of Thomson and Peltier effects may become greater. The thermoelectric effects will continue to be important for PCM devices as long scalability and data retention remain their key attributes.
Conclusion
This paper qualitatively describes the impact of thermoelectric phenomena in PCM devices and quantitatively predicts the programming current reductions for mushroom-style device geometries. The simulation results show that the programming current can be significantly reduced through Thomson heating within the phase-change material and Peltier heating at the electrode interface. The impact of thermoelectric effects becomes greater with the electrode contact area scaling due to the increased current density and the thermal confinement. Our scaling arguments predict that the thermoelectric effects will continue to be important with device scaling to smaller dimensions. This paper indicates that precise understanding of the thermoelectric effects in PCM devices is necessary for effective device engineering. Accurate measurements of the Seebeck coefficient and its temperature dependence will improve device simulations and design strategies by delivering a full picture of temperature distributions. Our work demonstrates that there are potentially strong thermoelectric effects in the existing PCM structures, especially those with confined geometries. The simulation results and the analysis discussed here provide physical insights into thermal phenomena and cell optimization opportunities for novel phase-change memory geometries. The controlled thermoelectric heating in the phase-change region can lead to significant reductions in programming power, which can be a breakthrough for PCM technology.
